Internal ribosomal entry sites (IRESs) are structured cis-acting RNAs that drive an alternative, cap-independent translation initiation pathway. They are used by many viruses to hijack the translational machinery of the host cell. IRESs facilitate translation initiation by recruiting and actively manipulating the eukaryotic ribosome using only a subset of canonical initiation factor and IRES transacting factors. Here we present cryo-EM reconstructions of the ribosome 80S-and 40S-bound Hepatitis C Virus (HCV) IRES. The presence of four subpopulations for the 80S•HCV IRES complex reveals dynamic conformational modes of the complex. At a global resolution of 3.9 Å for the most stable complex, a derived atomic model reveals a complex fold of the IRES RNA and molecular details of its interaction with the ribosome. The comparison of obtained structures explains how a modular architecture facilitates mRNA loading and tRNA binding to the P-site. This information provides the structural foundation for understanding the mechanism of HCV IRES RNA-driven translation initiation.
Introduction
Translation initiation is a key regulatory step in the control of gene expression. In eukaryotes recruitment, positioning, and activation of the protein synthesis machinery is highly dependent on the 5 0 cap and 3 0 poly(A) tail structures of the mRNA (Jackson et al, 2010) .
The complex pathway of canonical translation initiation includes an ATP-dependent scanning mechanism and is orchestrated by the ordered action of about 12 initiation factors (eIFs) assembled from about 20 different polypeptides. However, some mRNAs are able to recruit the ribosome to the start codon in a more direct way. They can bypass cap binding and scanning and require only a reduced subset of eIFs, if any. This alternate pathway of internal initiation is driven instead by cis-acting sequences in the 5 0 -UTR of the mRNA called internal ribosomal entry sites (IRESs) (Hellen & de Breyne, 2007; Jackson et al, 2010) . IRESs are used by many viral RNAs in order to hijack the translational apparatus of the host during infection. Furthermore, IRES elements in a subset of the cellular mRNAs may serve as regulatory elements to control, for example, mammalian gene expression during development (Xue et al, 2015) . The molecular mechanism of neither canonical nor internal translation initiation is fully understood. Moreover, there is no unique mechanism for internal initiation, and apparently, there are several molecular strategies to initiate translation as seen by the dependence of various IRES families on different sets of canonical eIFs and IRES transacting factors (Hellen & de Breyne, 2007; Jackson et al, 2010) . However, the activity of several IRESs has been shown to depend on the ability of the IRES RNAs to adopt a tertiary fold, which in turn allows specific, complex interactions with the translational machinery. The finding that type 3 (HCV-like) and type 4 (dicistrovirus intergenic region) IRESs can promote functionally important conformational changes in the ribosomal 40S subunit (Spahn et al, 2001; suggests that these IRES RNAssimilar to protein translation factors-are actively involved in the mechanisms of translation initiation and thus may be regarded as mRNA built-in translation factors.
One of the prominent IRES family is constituted by the Hepatitis C Virus (HCV) IRES and related IRESs. The human-pathogenic flavivirus HCV is a worldwide health threat and has chronically infected about 150 million individuals worldwide (Hajarizadeh et al, 2013) . It is a main causative agent of liver diseases such as hepatocellular carcinoma and severe cirrhosis. HCV-like IRESs are also found in closely related animal pathogenic pestiviruses (e.g. the classical swine fever virus, CSFV) as well as in some non-related picornaviruses (e.g. simian sapelo virus 3, SSV-3; and porcine teschovirus 1, PTV-1) (Hellen & de Breyne, 2007) . So far, this type of IRESs has been found in 24 virus genera (Asnani et al, 2015) . Because the HCV IRES promotes translation initiation of its polyprotein, a key step during the HCV infection after the virus has entered its host cell, novel therapeutic approaches against HCV infections consider its IRES as a prime drug target (Jubin, 2001; Dibrov et al, 2014) .
It has been shown by a variety of functional studies that the HCV and HCV-like IRESs facilitate translation initiation throughout a complex pathway and control the formation of functional 48S-like and 80S initiation complexes (Locker et al, 2007) . The ability of the HCV IRES to bind with high affinity to the ribosomal 40S subunit placing the AUG initiation codon directly into the ribosomal P-site is crucial for this pathway. Binding of the Met-tRNA i
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•eIF2•GTP ternary complex and eIF3 to the binary 40S•HCV IRES complex leads to formation of the 48S-like complex. Like in the late steps of canonical initiation, eIF5-induced GTPase activity on eIF2 and dissociation of the factors is followed by eIF5B•GTP-promoted subunit joining to yield elongation-competent 80S complexes. In addition, there are even more basic pathways for the HCV IRES to accomplish translation initiation. Under stress conditions, the IRES facilitates an eIF2-independent mode of initiation Terenin et al, 2008) , and at elevated levels of divalent cations, the HCV IRES can operate even without the help of any initiation factor (Lancaster et al, 2006) .
Knowledge of the molecular structure of HCV and HCV-like IRES elements is of utmost importance not only for understanding the mechanism of internal initiation but also to support the development of novel antiviral inhibitors. The HCV IRES RNA contains 341 nucleotides, and the tertiary fold is formed by secondary structure domains II and III of the 5 0 UTR. Domain I is not important for the IRES activity, and domain IV containing the AUG start codon unfolds upon binding to the 40S subunit (Reynolds et al, 1996; Pestova et al, 1998) . Previous low-and subnanometer-resolution cryo-EM reconstructions of ribosomal 40S•HCV IRES (Spahn et al, 2001) , 80S•HCV IRES (Boehringer et al, 2005) , 80S•HCV IRES•MettRNAi•eIF5B•GMPPNP (Yamamoto et al, 2014) , and 40S•CSFV IRES (lacking domain II)•eIF3 (Hashem et al, 2013) complexes have shown that the HCV IRES forms an elongated structure. IRES domain III binds at the solvent side of the 40S subunit, whereas IRES domain II loops out toward the 60S side of the 40S head and reaches into the E-site region. The structure of 80S•HCV IRES•MettRNAi•eIF5B•GMPPNP showed the tip of domain II released from its canonical position interacting with the elbow of Met-tRNAi during 60S subunit joining (Yamamoto et al, 2014) . Moreover, several NMR and X-ray studies provide high-resolution information for many individual HCV IRES subdomains. In the absence of a highresolution structure of the full-length HCV IRES, fitting these structure pieces into the intermediate-resolution cryo-EM maps allowed modeling of the HCV IRES in the ribosome-bound form and a first analysis of the contacts to the ribosome (Boehringer et al, 2005; Berry et al, 2011) . However, as this "divide and conquer" approach always leaves certain ambiguities, structural information at higher resolution is required to understand the molecular mechanism of HCV IRES-driven translation initiation. Capitalizing on recent technological breakthrough in cryo-electron microscopy (cryo-EM), we present here an atomic model of the ribosome-bound HCV IRES RNA based on a reconstruction of a binary 80S•HCV IRES complex to 3.9 Å resolution. Furthermore, our analysis reveals large-scale conformational modes of 40S subunit within the 80S complex and suggests how domain II of the IRES facilitates mRNA loading and P-site tRNA binding by using a wedge-like mechanism to enforce 40S head tilting.
Results

Ribosomal subunit rearrangements within the 80S•HCV IRES complex
In order to reduce the potential compositional heterogeneity of complexes for cryo-EM experiments, we made use of the finding that at elevated levels of divalent cations, no initiation factors are required for the formation of translation-competent 80S•HCV IRES complexes (Lancaster et al, 2006) . Accordingly, eIF-free, binary 80S•HCV IRES complexes from purified rabbit ribosomal subunits and purified IRES RNA were assembled in the presence of Ca 2+ in vitro. Nevertheless, multiparticle classification techniques of the cryo-EM data revealed considerable conformational heterogeneity (Fig EV1) . Besides the predominant subpopulation that we could refine to high resolution, a first tier of classification resulted in two additional subpopulations of the 80S•HCV IRES complex with clear density for the HCV IRES (Fig 1A-C) . In all three subpopulations and in general agreement with previous low-resolution cryo-EM studies (Spahn et al, 2001; Boehringer et al, 2005) , the HCV IRES forms an elongated structure at the solvent side of the 40S subunit with IRES domain II folding back toward the E-site region. However, the three subpopulations are distinguished by the ribosomal subunit arrangement as the 40S subunit together with the HCV IRES undergoes rotational movements relative to the 60S subunit (Fig 2A) . With respect to the relative arrangement of 40S and 60S subunits, the major subpopulation (classical) is related to the elongating 80S ribosome in the post-translocational (POST) state (Budkevich et al, 2014) . In addition, we found two conformational states (Rolled and Rotated) that bear resemblance to the classical and the rotated pretranslocational (PRE) states, respectively (Budkevich et al, 2011) . Accordingly, subunit rolling, which is characteristic for the classical PRE state in eukaryotes, and the orthogonal universal intersubunit rotation are present also in the factor-free 80S•HCV IRES complex. In line with the metastable energy landscape view for translation (Munro et al, 2009; Behrmann et al, 2015) , we attribute the presence of conformational modes to the intrinsically dynamic nature of the ribosome.
40S head tilt reversed by P-site bound tRNA
In an attempt to further improve the resolution of the major subpopulation, we performed a second tier of classification. This resulted not only in an improved density for the major subpopulation but surprisingly also in a fourth subpopulation that contains additional density in the ribosomal intersubunit space (Fig 1D) . Based on shape, size, and binding position, we interpret this density to represent P-site bound tRNA (Fig EV2) . Because we did not include tRNA when assembling the 80S•HCV IRES complex, this density has to stem from endogenous tRNA, co-purified with the ribosomal The EMBO Journal Structure of the Hepatitis C Virus IRES Hiroshi Yamamoto et al subunits. Preparation of ribosomes often contain co-purified tRNA that is usually located in the ribosomal E-site (Cate et al, 1999; Anger et al, 2013; Khatter et al, 2015) . The present P-site location thus may reflect on the capability of the HCV IRES to direct initiator tRNA to the ribosomal P-site during internal initiation. The presence of P-site tRNA density goes along with largescale conformational changes in the ribosomal 40S subunit and the HCV IRES. Previously, it was shown by cryo-EM of 40S•HCV IRES complexes at~20 Å resolution that domain II of the HCV IRES actively manipulates the conformation of the ribosomal 40S subunit (Spahn et al, 2001) . In the present cryo-EM reconstruction of a binary 40S•HCV IRES complex (Fig 1E) , we can confirm this reorientation of the 40S head relative to the 40S body/ platform at the improved resolution of 6.7 Å (Figs EV3 and EV4; Table EV1 ). Comparison with the three subpopulations of the binary 80S•HCV IRES complexes (Fig 1A-C) shows essentially the same 17°40S head tilt upon association with the 60S subunit. Within the P-site tRNA containing 80S•HCV IRES complex, however, the head tilt is reversed (Fig 2A) and the 40S subunit adopts not only the overall position but also the conformation of the 40S subunit within the elongating POST ribosome (Budkevich et al, 2014) . Interestingly, the reversal of the 40S head tilt happens in conjunction with a pronounced movement of HCV IRES domain II by~55 Å (Fig 2B) . It detaches from its binding position on the 40S head and moves toward the 60S subunit to occupy a position in the E-site region. The EMBO Journal Structure of the Hepatitis C Virus IRES Hiroshi Yamamoto et al
Structure of the ribosome-bound HCV IRES RNA
The final reconstruction of the largest subpopulation was obtained from a subset of 171,820 particle images (39% of the full data set) and reached a resolution of 3.9 Å (Figs 1A, EV1 and EV3, Table EV1 ).
In agreement with this resolution estimation, the core of the 80S ribosomes shows features expected at near-atomic resolution ( Fig EV4A) . However, the density corresponding to the HCV IRES is of somewhat lower resolution. It is best defined in regions that are in close contact with the ribosome, for example, the central core of the IRES at the back of the platform or the apical part of domain II in the intersubunit space ( Fig EV4A) . It is therefore likely that dynamic properties of the IRES, that is, local flexibility, are the main resolution limiting factor. Nevertheless, the clear improvement in resolution compared to previous cryo-EM reconstructions of the ribosome-bound HCV IRES at intermediate (Spahn et al, 2001; Filbin et al, 2013) and also subnanometer resolution (Yamamoto et al, 2014) greatly aided modeling of the IRES RNA ( Fig 3A and B) . Structural modeling of the IRES was aided by X-ray/NMR structures for several HCV IRES subdomains (Lukavsky, 2009; Berry et al, 2011) , and the present map allows a more accurate placement of these structures of individual subdomains compared to previous placements into low-resolution cryo-EM maps (Boehringer et al, 2005; Berry et al, 2011) . Moreover, fitting of some of these HCV IRES subdomain structures required partial remodeling indicating that conformational changes can occur in the context of the complete IRES RNA or due to interactions with the ribosome. For example, the NMR structures of HCV IRES subdomains IIa and IIb (Lukavsky et al, 2003) fitted readily into the respective cryo-EM density ( Fig EV5) . However, compared to the NMR structure of the complete domain II in solution (Lukavsky et al, 2003) , the curvature for the ribosome-bound IRES domain II has increased indicating a conformational change at the junction between the two subdomains upon ribosome binding ( Fig EV5) .
According to the secondary structure of the HCV IRES (Kieft et al, 2002; Hellen & de Breyne, 2007) , the basal end of domain II is followed by a short 5-nucleotide linker and the 9-base pair stem I (S1) (Fig 3A and B ). S1 together with subdomains IIIe, IIIf, and helix III1 adopts an unusual four-way junction, because the loop region of IIIf is involved in basepairing interactions (stem II; S2) with a RNA strand of the 3 0 region of the IRES to build a pseudoknot structure (Berry et al, 2011) . The crystal structure of this complex RNA module (Berry et al, 2011) , which includes a predicted tertiary interaction between U297 of IIIe and A288 of hIII1 ( Fig 3A) (Easton et al, 2009) , could be readily incorporated into our overall model (Figs 3B and EV5) . Emanating from (and directed through) S2 of the HCV IRES central domain, domain IV passes through the mRNA binding channel placing the AUG in the ribosomal P-site (Figs 2B and 3B).
As suggested previously, unwinding of domain IV upon ribosomal binding is necessary for functional translation initiation via the HCV IRES (Honda et al, 1996; Filbin & Kieft, 2011) and we can trace~27 nucleotides of single-stranded RNA in the mRNA groove corresponding to nucleotides 330-356 of the viral RNA ( Fig 3B) . In line with a previous prediction (Spahn et al, 2001) , we found a tertiary interaction of domain IV with the apical loop of domain II in the ribosomal E-site region ( Fig 2B) .
On the other side of the central four-way junction, helix hIII1 leads into a three-way junction between hIII1, hIII2, and subdomain IIId. Helices hIII1 and hIII2 are coaxially stacked on each other and subdomain IIId adopts an approximately perpendicular orientation (Fig 3B) . Like domain II, the NMR structure of isolated subdomain IIId (PDB 1FQZ) (Klinck et al, 2000) provided a good starting point for our model of the complete ribosomebound HCV IRES. The subdomain IIId contains an internal loop motif characteristic of the rRNA a-sarcin/ricin loop. In contrast, the related CSFV IRES possesses a IIId stem composed of standard Watson-Crick base pairs only (Hashem et al, 2013) . The apical loop UUGGGU of isolated IIId folds into a trinucleotide loop closed by a transwobble U-G base pair (Klinck et al, 2000; Lukavsky et al, 2000) . However, the loop conformation had to be changed to account for a conformational change that occurs upon interaction with the 18S rRNA (see below). The single-stranded CUUG connecting the basal side of subdomain IIId to the three-way junction was modeled as tetra loop with the closing C:G pair stacked onto IIId (Fig EV5) .
Helix hIII2 together with subdomains IIIc, IIIa, and IIIb forms the IIIabc four-way junction (Fig 3B) . The crystal structure of the isolated IIIabc junction was solved and found to resemble a cH-type four-way junction with two coaxially stacked helices and the continuous strands running in parallel direction (PDB 1KH6) (Kieft et al, 2002) . Interestingly, our density is not compatible with the parallel cH type. In the ribosome-bound form the IIIabc junction appears to adopt an L-shaped cL-type fold (Laing & Schlick, 2009) with the two helices IIIa/IIIb coaxially stacked and IIIc/hIII2 being arranged perpendicular to each other and with interactions between the loops of IIIa and IIIc (Figs 3B and EV5). The X-ray structure of the isolated IIIabc junction is based on a crystal induced dimer, in which the loop of IIIc was eliminated (Kieft et al, 2002) . As the interactions of loop IIIc with loop IIIa and also the 40S subunit appear critical for the observed cL-type fold of the ribosome-bound IIIabc junction, this may explain the discrepancy between both structures. We do not observe major differences between the present 40S•HCV IRES complex (Fig 1E) and the binary 80S•HCV IRES complex (Fig 1A) with respect to overall IRES structure. Thus, our analysis is not compatible with a proposal made based on a low-resolution cryo-EM map of an HCV IRES-80S complex that the IIIabc junction adopts an antiparallel H-type conformation and that a functionally important transition from the cH-to the H-type occurs upon subunit association (Boehringer et al, 2005) .
After the IIIabc junction, our cryo-EM map shows density for only a small part of subdomain IIIb, probably due to flexibility (Fig 3B) . Therefore, we refrained from modeling IIIb and our model is missing about 50 nucleotides in this area. Nevertheless, the visible part of this mostly helical subdomain suggests that IIIb sticks out far from the 40S subunit and into solution, in agreement with the cryo-EM reconstructions of the 40S•CSFV IRES complex (Hashem et al, 2013) .
Interaction partners of the HCV IRES RNA with the ribosome
Facilitated by the recent atomic models for the human 80S ribosome based on near-atomic resolution cryo-EM reconstructions of the porcine (Voorhees et al, 2014) or the human 80S ribosome (Behrmann et al, 2015; Khatter et al, 2015) , our present cryo-EM map allows an interpretation of the molecular interactions between the HCV IRES RNA and the ribosome. According to biochemical assays, •HCV IRES complexes suggested interactions with uS7, eS25, eS26, eS1, and eS27 (Joseph et al, 2014) . In general agreement, we observe interactions with several ribosomal proteins throughout the various contact regions ( Fig 3C, Table EV2 ). eS7 and eS27 facilitate binding of the IIIabc junction at IIIa and IIIc, respectively, in agreement with previous biochemical experiments (Malygin et al, 2013b) (Fig EV6) . However, the central interaction network is based on complex RNA-RNA interactions between subdomains IIId and IIIe of the central core of the HCV IRES and the apical loop of expansion segment 7 (ES7 of helix h26) of 18S rRNA (Fig 4A-E) . Subdomains IIId and IIIe have been implicated as major determinants for IRES binding by a large body of evidence (Kolupaeva et al, 2000; Kieft et al, 2001 (Fig 4A and E) . Formation of this mini-helix requires conformational changes in both the apical loop of IIId as defined by the NMR structure (Klinck et al, 2000; Lukavsky et al, 2000) and ES7. The conformational change in the ES7 loop also repositions the adjacent 1114 UU 1115 (Fig 4C and F) IIId is well conserved only in higher eukaryotes (Fig 4D) . Both nucleotides of the A136:A288 purine-purine mismatch within hIII1 are involved in tertiary/quaternary interactions. U297 of loop IIIe forms a preformed tertiary base pair with A288 of hIII1 (Easton et al, 2009; Berry et al, 2011) , which leads to a position of the flipped out base of A136 next to A296. Simultaneous interactions of A The secondary structure of the HCV IRES domain III (hIII1, hIII2, IIIe, and IIId) and helix 26 (h26) from the 18S rRNA. Colors of HCV IRES domains are the same as in Fig 3. Interaction between the HCV IRES and 18S rRNA are indicated as red lines, and a tertiary IRES interaction is indicated as a black line. B The interaction core between IIId, IIIe, hIII1 of HCV IRES (colored as in A) and expansion segment 7 (ES7) of h26 (dark gray). C The rearrangement of h26 (red) upon binding of HCV IRES. The 80S•HCV IRES complex (yellow) is compared to the elongating POST state (gray; PDB 5Aj0) (Behrmann et al, 2015) . The loop closing the helix is highlighted in red and dark gray. D Primary sequence comparison of helix 26. ES7 is boxed in green. The three apical cytosine bases in the loop region of human and rabbit h26 are boxed in red. E Close-up on the interactions between GGG266-268 of IIId (cyan) and CCC1116-1118 of ES7 (gray). F Close-up on the interactions between G295, A296, and U297 of IIIe (green); A136 and A288 of hIII1 (yellow); and U1114 and U1115 of ES7 (gray). The EMBO Journal Structure of the Hepatitis C Virus IRES Hiroshi Yamamoto et al ES7 U1115 and U1114 with A136 and A296, respectively, provide an additional bridge between hIII1 and IIIe ( Fig 4F) .
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In agreement with low-resolution cryo-EM maps (Spahn et al, 2001; Boehringer et al, 2005) , domain II of the HCV IRES interacts with the 40S head. Interestingly, these interactions depend on the tilt movement of the 40S head relative to the body/platform domains (Fig 5A left panel) . A common 40S body alignment of the major 80S•HCV IRES subpopulation and the canonical POST state (Behrmann et al, 2015) reveals that uS7 as positioned by the untilted 40S head of the POST state would clash with the apical loop of domain II as observed in the 80S•HCV IRES complex (Fig 5A right  panel) . This suggests that displacement of uS7 by the apical loop of domain II facilitates the head tilt movement and rationalizes previous observations that mutant HCV IRES RNAs with a deletion of the whole domain II or mutations at tip of domain II are defective in inducing the head tilt movement (Spahn et al, 2001; Filbin et al, 2013) .
Rationalizing previous biochemical studies (Fukushi et al, 2001; Otto et al, 2002; Babaylova et al, 2009; Bhat et al, 2015) , the functionally important IRES domain II interacts with the proteins uS7 and eS25 in the 40S head (Fig 5A right panel) , as well as with uS11 in the platform region (Fig 5B-1 ). In our model, the interactions of the middle region of domain II with uS7 and eS25 involve several positively charged Lys and Arg residues. Furthermore, there is a tentative contact between Arg41 of the long N-terminal extension of eS25 with G94 of IRES domain II (Fig 5B-2 and -3) . The more N-terminal part of eS25 appears disordered in our map. The apical loop region of domain II interacts with a b-hairpin loop of uS7 that is reoriented compared to the POST state (Behrmann et al, 2015) and uS11 (Fig 5B-1 ; Table EV2 ). Furthermore, C83 at the tip of domain II is seen to contact the single-strand region of domain IV around G335 and U336 (Fig 5B-1 ). According to a deletion analysis of the b-hairpin loop of uS7 in bacteria, deletion of this loop increases frameshift due to most likely loosing E-tRNA after translocation (Devaraj et al, 2009 ). For eukaryotes, loop mutations in uS7 lowered initiation fidelity (Visweswaraiah et al, 2015) . Thus, the b-hairpin in loop of uS7 may participate in keeping the reading frame during HCV IRES-driven initiation. The deletion of domain II loses the activity completely; however, substitution or deletion of tip of domain II reduce the activity to around 30-50% (OdremanMacchioli et al, 2001; Kalliampakou et al, 2002; Filbin & Kieft, 2011) . The interaction of the tip of domain II with the mRNA part of domain IV is not necessarily sequence specific.
In addition to h23, the single-stranded domain IV is in close neighborhood to proteins uS11, eS26, and eS28 (Fig 5B-1 and -4) , which is in excellent agreement to the surrounding of the E-site codon of canonical mRNA in 48S or 80S initiation complexes . Moreover, the b-sheet structure of eS28 lines up to the IRES S2/IIIf region at nucleotides 324-334 (Fig 5B-4) and next to eS26 and uS11, protein eS1 is seen to contact the hairpin structure IIIe of the central four-way junction (Fig EV6) . The observed interaction proteins in our work are in overall agreement with the re-analysis of low-resolution maps of 80S and 40S•HCV IRES complex suggesting interactions with uS7, eS25, eS26, eS1, and eS27 (Joseph et al, 2014) .
Compared to the HCV IRES, the CSFV IRES has a shorter domain II and possesses the additional subdomain IIId2, which-according to data from the closely related Seneca Valley virus-does not contribute to activity (Willcocks et al, 2011) . Nevertheless, both IRESs share a common domain architecture and bind to essentially the same binding site on the ribosomal 40S subunit (Hashem et al, 2013) . However, because the reported CSFV IRES structure lacks domain II, the difference in domain II remains to be elucidated.
Discussion
Structural basis for hijacking of the ribosome by the HCV IRES Our analysis suggests how a modular architecture of the HCV IRES facilitates internal initiation by interacting with ribosomal RNA and proteins (Figs 4 and 5, Table EV2 ). Domain III as defined by the secondary structure adopts a bipartic fold to recruit the 40S subunit (Fig 3) . The core of the HCV IRES adopts a complex fold around the central four-way junction and the three-way junction between hIII1, hIII2, and subdomain IIId (Fig 4B) . This tertiary RNA domain binds to the upper part of the 40S platform. The second tertiary domain formed by the IIIabc four-way junction establishes separate contacts at the lower part of the platform. This is in excellent agreement with previous biochemical data showing that secondary structure domain III provides essentially all the binding affinity of the HCV IRES for the ribosomal 40S subunit and that especially IIIe, IIId, IIIa, and IIIc are major determinants of IRES binding (Kieft et al, 1999 (Fig 4) .
Interestingly, complete folding of the larger, central RNA tertiary domain appears to require binding to the ribosome. The loop of ES7 of h26 in 18S rRNA intercalates between IRES stem loops IIId and IIIe and helix hIII1 and facilitates a network of interactions between these three elements (Figs 3 and 4) . The directly adjacent 1116 
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1118 of ES7 in turn extends the interaction network to the IIId loop. Small-angle X-ray scattering data have suggested that the HCV IRES in solution is quite mobile and consists of rigid parts that move relative to each other (Perard et al, 2013) . Accordingly, the presented network of RNA-RNA interactions may be crucial to compact and rigidify the IRES upon binding. Interestingly, these three cytosine bases can be used for other viral RNA re-initiation as well (Luttermann & Meyers, 2009; Zinoviev et al, 2015) . The usage of ES7 and adaptation of viral RNA is wider than anticipated.
Binding of the IIIabc four-way junction to the lower part of the platform constrains the position of subdomain IIIb. However, our cryo-EM map shows fragmented density for subdomain IIIb, indicating flexibility, and thus, our model lacks about 50 nucleotides (Fig 3B) . Nevertheless, the trajectory inferred from the map suggests that IIIb sticks out far into solution. Previously, a IIIb position much closer to the 40S subunit and overlapping with the IIIabc four-way junction in our present model was suggested (Boehringer et al, 2005; Siridechadilok et al, 2005) . Because IIIb interacts with the eIF3 initiation factor complex (Sizova et al, 1998; Ji et al, 2004; Otto & Puglisi, 2004) , our model places this major eIF3 binding site further away from the ribosome in excellent agreement with the direct visualization of eIF3 on the related 40S-bound CSFV IRES with a deletion of domain II (Hashem et al, 2013) .
Very recently, an independent cryo-EM structure of a binary 80S•HCV IRES complex has been reported from the Ban laboratory (Behrmann et al, 2015) . The two structures are aligned at the 40S body. We note that eS28 as part of the 40S head is differently located because of the head tilt. The surface representation was created using the PDB models. Shown are the 18S rRNA (yellow), ribosomal proteins (gray), eS26 (cyan), eS28 (purple), and HCV IRES (pink). Positioning of the mRNA part of the HCV IRES During internal initiation, the mRNA part has to be properly loaded into the mRNA binding cleft of the 40S subunit and the AUG start codon has to be positioned into the P-site region of the 40S subunit to allow binding of the initiator tRNA. The AUG start codon is part of the domain IV stem loop. However, in the ribosome-bound form, domain IV is melted, in agreement with findings that unwinding domain IV is necessary for function (Wang et al, 1995; Honda et al, 1996; Filbin & Kieft, 2011) and that the single-stranded domain IV has the same environment as the E-site region of canonical mRNA . In line with a previous proposal (Berry et al, 2010 (Berry et al, , 2011 , the central domain has the important task to direct the melted domain IV via the pseudoknot helix S2 through the mRNA exit channel into the 40S mRNA binding cleft. Guiding the mRNAlike sequence into the mRNA exit tunnel via complementary base pairing is reminiscent of bacterial translation initiation, where the Shine-Dalgarno-anti-Shine-Dalgarno (SD-anti-SD) mechanism results in a helical structure between the SD sequence upstream of the mRNA start codon and the 3 0 end of the 16S rRNA. Comparison shows a similar position of both helices, thus suggesting a SDanti-SD mimicry during HCV IRES-driven initiation (Fig 6A and B) . However, here the anti-SD-like sequence is not provided in trans by 18S rRNA but in cis by the IIIf loop of the ribosome-bound HCV IRES. This is in line with the functional importance of the pseudoknot, as mutations destroying the base pairing of helix S2 severely The EMBO Journal Structure of the Hepatitis C Virus IRES Hiroshi Yamamoto et al impair IRES activity (Berry et al, 2010) . This interaction is further stabilized by eS28 (Fig 6C and D) . This interaction is facilitated by an unusual path of the HCV IRES mRNA, which is different from the path of canonical mRNA in the elongating POST state (Behrmann et al, 2015) (Fig 6E) . Our high-resolution map also corroborates the proposed involvement of HCV IRES domain II in mRNA loading (Spahn et al, 2001) . Domain II emerges as a protrusion from the central IRES core and arcs into the decoding cleft, where the tip of the apical loop of domain II with G82C83 is seen to contact the mRNA-like part in the E-site region (Figs 5B and 7A and B) . This is consistent with the proposal that the domain IIb stem loop stabilizes the mRNA-like part in the 40S mRNA binding cleft (Filbin & Kieft, 2011) .
Active manipulation of the 40S conformation by HCV IRES domain II
Interestingly, there are striking similarities upon ribosomal binding of the HCV IRES (Spahn et al, 2001; Filbin et al, 2013) , the CrPV IRES (Schuler et al, 2006) , or canonical initiation factors eIF1 and eIF1A (Passmore et al, 2007) as all ligands lead to a similar conformational change of the head of the 40S. Hence, IRESs represent built-in mRNA translation factors (Spahn et al, 2004) . This similarity between unrelated IRESs and canonical initiation may be enforced by mechanistic requirements, as all translation initiation pathways have to facilitate mRNA loading, start site selection, tRNA binding, and ribosomal subunit association. The 40S conformational change can be defined more precisely in the Hiroshi Yamamoto et al Structure of the Hepatitis C Virus IRES The EMBO Journal present cryo-EM maps at improved resolution. In terms of overall conformation, the present major subpopulation of the binary 80S•HCV IRES complex is related to the post-translocational (POST) state of the elongating 80S ribosome. However, the 40S head is tilted away by~17°from the central protuberance of the 60S subunit (Fig 2A) . The same changed 40S conformation is seen in the binary 40S•HCV IRES (Fig 1E) . Thus, the open conformation of the 40S subunit (Spahn et al, 2001; Filbin et al, 2013 ) is preserved after factor-free ribosomal subunit association. However, in the present P-site tRNA containing subpopulation (Figs 1D, 2A and 7C) or after eIF5B-facilitated subunit joining in the presence of initiator tRNA (Yamamoto et al, 2014) , the IRES-induced head tilt is reversed (Fig 7C) . The active manipulation of the translational apparatus by the HCV IRES depends on domain II (Spahn et al, 2001; Filbin et al, 2013) , which interacts with the proteins uS7 (rpS5) and eS25 in the 40S head, as well as with uS11 (rpS14) in the platform region. The proteins uS7 and eS25 also interact with the CrPV IRES (Schuler et al, 2006; Muhs et al, 2011) , and their functional importance has been demonstrated in both systems (Fukushi et al, 2001; Babaylova et al, 2009; Landry et al, 2009; Muhs et al, 2011) .
In the presence of the head tilt, the apical loop of HCV IRES domain II adopts a chimeric position on the 40S subunit. From the perspective of the tilted 40S head, it overlaps with the E-site tRNA (Filbin et al, 2013) (Fig 7B) . However, from the platform perspective, it is located more beside the E-site tRNA (Fig 7A) , where it would clash with uS7 (rpS5) in the canonically oriented, untilted 40S head (Fig 5A) . Thus, domain II can be regarded as a wedge that intercalates into the mRNA binding cleft and forces the 40S subunit to adopt an open conformation. Accordingly, binding of domain II to the 40S head and the closed conformation of the 40S appear mutually exclusive. Indeed, when the IRES-induced head tilt is backed by the presence of P-site tRNA, a large-scale conformational change of the Figure 9 . The model of HCV IRES-driven initiation factor-independent subunit assembly. HCV IRES (pink) binds to the 40S subunit (yellow) and facilitates head tilt (orange). Elevated cations help the initiation factor-independent 60S subunit (blue) joining. The assembled 80S•HCV IRES complex exhibits dynamic 40S subunit movement and forms classical, rolled, and rotated state, which compare to canonical translation elongation POST and PRE states. The head tilt is reversed after tRNA (green) binding to the P-site. At this event, the tip of HCV IRES domain II is released from the mRNA region and interacts with helix 68 of 28S rRNA of 60S subunit. The EMBO Journal Structure of the Hepatitis C Virus IRES Hiroshi Yamamoto et al HCV IRES takes place leading to a repositioning of domain II around 55 Å from the 40S E-site to the 60S E-site at helix 68 of 28S rRNA, where usually the acceptor stem of E-tRNA interacts (Fig 7D) .
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Benzimidazole is the one of the inhibitors for HCV IRES-driven translation initiation, and the crystal structure in complex with domain IIa was solved and shows that the drug induces a pronounced conformational change in the RNA (Dibrov et al, 2012) . Interestingly, this structure (PDB 3TZR) does not fit to the corresponding domain II regions from our 80S•HCV IRES, classical, and classical/no head tilt cryo-EM maps. This suggests that by locking domain II in an extended form (Dibrov et al, 2012; Boerneke et al, 2014) , benzimidazole prevents the productive interaction with the 40S subunit to inhibit initiation.
The IRES domain II induced 40S head tilt generates a gap between the central protuberance of 60S subunit and the head of 40S subunit, thereby disrupting the respective intersubunit bridges (Fig 8A and B) . This in turn may explain why in the absence of initiation factors elevated concentration of Mg 2+ /Ca 2+ ions is needed for ribosomal subunit joining (Lancaster et al, 2006) . In contrast to the Dicistroviridae intergenic region IRESs (Spahn et al, 2004) , the HCV IRES does not support subunit association.
Moreover, the open conformation of the 40S subunit induced by domain II provides a mechanistic explanation for mRNA loading. It opens the latch of the mRNA entry tunnel (Spahn et al, 2001) , which opens/widens the 40S P-tRNA binding site from 36 Å to around 48 Å between head and platform and the mRNA exit tunnel/channel (Fig 8C and D) explaining the domain II-dependent sensitivity of 48S complexes toward eIF1-induced destabilization . Furthermore, HCV IRES domain II prevents initiator tRNA binding in the absence of initiation factors and has been implicated in eIF5-induced GTP hydrolysis on eIF2 leading to eIF2•GDP release from the 48S initiation complex (Locker et al, 2007; Pestova et al, 2008) . It is in agreement with a recent single-molecule FRET analysis suggesting movement of domain II in HCV IRES•40S complexes (Fuchs et al, 2015) , which, however, was suppressed by the addition of cell lysate. By tuning the conformational energy landscape of the ribosome in a similar manner to protein translation factors (Munro et al, 2009) , HCV IRES domain II drives translation initiation by an active mechanism (Fig 9) . As domain II of the IRES does not contribute to the overall affinity of the HCV IRES to the 40S subunit Spahn et al, 2001; Filbin et al, 2013) , its interaction energy may pay for an unfavorable 40S conformation. Attachment to the 40S head and opening of the 40S subunit by a wedge-like mechanism appears to facilitate mRNA loading into the mRNA binding cleft and may improve access of the initiator tRNA. Once bound, however, closing of the 40S subunit is required to ensure tight binding of the P-site bound tRNA for subsequent steps. The structure of the present P-site tRNA containing subpopulation (Fig 1D) suggests that binding of tRNA to the P-site is sufficient to restore the closed 40S conformation. Thus, there is a delicate balance and the interactions of the HCV IRES with the ribosome are tuned for the need of stable binding as well as sufficient flexibility to support internal initiation of translation in a coordinated and regulated manner.
Materials and Methods
Purification of components for in vitro assembly of ribosomal complexes 40S and 60S subunits from rabbit reticulocyte lysates (RRLs) were purified according to published protocols (Pisarev et al, 2007) . HCV IRES (nucleotides 1-341) together with 85 nucleotides of the HCV coding sequence was transcribed and purified according to (Yamamoto et al, 2014) .
Assembly of binary 80S and 40S complexes with HCV IRES 40S•HCV IRES complexes were prepared as described previously (Yamamoto et al, 2014) . In order to form a 80S•HCV IRES complex, a two-fold excess of 60S subunits was added and the mixture was incubated further for 10 min at 37°C in the presence of 2.5 mM CaCl 2 . The obtained 40S•HCV IRES and 80S•HCV IRES complexes were affinity purified (Yamamoto et al, 2014) . For the 80S•HCV IRES complex, 2.5 mM CaCl 2 was replaced by additional 2.5 mM MgCl 2 (final concentration 7.5 mM) during the washing step to improve elution efficiency.
Cryo-electron microscopy and 3D reconstruction Aliquots of the 40S• and 80S•HCV IRES complexes were flash-frozen in liquid ethane on carbon-coated Quantifoil grids (Quantifoil, Germany) using a Vitrobot (FEI) device. Digital micrographs for 40S•HCV IRES complex were automatically collected on a Tecnai G2 Polara microscope (FEI) at 300 kV equipped with a F416 CMOS camera (TVIPS) using Leginon (Suloway et al, 2005) . Data were collected at a defocus range between À2 and À4 lm and at a nominal magnification of 115,000× resulting in a pixel size of 0.79 Å .
Digital micrographs for 80S•HCV IRES complex were automatically collected on a Titan Krios microscope at 300 kV equipped with a Falcon II DED detector using EPU software (FEI). Data were collected at defocus range between À1 and À4 lm and at a nominal magnification of 75,000× resulting in a pixel size of 1.07 Å .
Defocus values were determined with CTFFIND3 (Mindell & Grigorieff, 2003) . Particle images were preselected using Signature (Chen & Grigorieff, 2007) and screened semiautomatically. Particle images were subjected to multiparticle refinement in SPIDER (Frank et al, 1996; Loerke et al, 2010; Ratje et al, 2010) .
A total of 435,801 particle images of the 80S•HCV IRES complex from 7707 images were subjected to the refinement with a lowresolution reconstruction of a vacant rabbit 80S ribosome as starting references. After initial rounds of refinement, 88% of the images corresponding to the fully formed complex were isolated. The remaining particle images split into structures corresponding to rolled (18%) and rotated (13%) states, and 60S with an undefined 40S subunit (8%). The largest subset (49%), which relates to the POST state, was further separated into classical (39%) and classical/no head tilt (10%) using focused reassignment to the IRES density . A final data set of 171,820 particle images with a pixel size 1.07 Å was selected and refined to high resolution using SPARX (Hohn et al, 2007) . The final resolution of the HCV IRES•80S complex is 3.9 Å as estimated with the FSC 0.143 criterion (Fig EV1) .
A total of 218,805 particle images of the 40S•HCV IRES complex from 5,692 images were subjected to refinement with a lowresolution reconstruction of a vacant rabbit 40S ribosome as starting references. The largest, IRESs containing subsets were isolated and further analyzed. A final data set of 145,286 particle images (66%) with a pixel size 1.56 Å was selected and refined to high resolution. The final resolution of the HCV IRES-40S complex is 6.7 Å as estimated with the FSC 0.143 criterion (Fig EV1) .
Modeling of HCV IRES, interacting 8 ribosomal protein and helix 26
Docking of available atomic models of ribosomal components and available HCV IRES subdomains [Domain II (1P5P) (Lukavsky et al, 2003) , pseudoknot domain (3T4B) (Berry et al, 2011) , domain IIId (1FQZ)] (Klinck et al, 2000) , CUUG tetra loop, and the adenine bulge (3U5H) (Ben-Shem et al, 2011) was done using UCSF CHIMERA (Pettersen et al, 2004) . The model of the 4-way junction (1KH6) (Kieft et al, 2002) was flexible docked into the experimental map using MDFit (Whitford et al, 2011) . Head and body of the 40S subunit and L1 stalk as well as the remaining parts of the 60S subunit (PDB 5AJ0; Behrmann et al, 2015) were fitted separately.
The real-space refinement using Phenix was done for ribosomal proteins into the experimental map to obtain initial models (Adams et al, 2010) . Poorly fitting parts were manually fitted in coot (Emsley et al, 2010) and energy minimized with REFMAC5 (Murshudov et al, 2011) . Atomic models for missing parts of the HCV IRES were generated de novo or via homology modeling and connected using COOT and RCrane (Keating & Pyle, 2012) according to experimental map. Finally, ribosomal proteins and HCV IRES were structure idealized using REFMAC5. The obtained models for HCV IRES and the 8 interacting proteins were then refined together with the remaining 40S subunit using Phenix (Adams et al, 2010) (Table EV3 ).
Coordinates
The electron density maps of the ribosomal 80S•HCV IRES and 40S•HCV IRES complexes were deposited in the Electron Microscopy Data Bank (European Molecular Biology Laboratory-European Bioinformatics Institute, Cambridge, UK) with the accession numbers EMD-3221 (classical), EMD-3223 (classical, no head tilt), EMD-3225 (Rolled), EMD-3226 (Rotated), and EMD-3224 (40S•HCV IRES). Model for the 40S•HCV IRES RNA has been deposited in the Protein Data Bank database with PDB ID 5FLX.
Expanded View for this article is available online.
